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What is Injection Locking?

« A oscillator is locked to a frequency of an external signal
close to its free-running frequency.
— Frequency is locked but not the phase.

Injection-locked
oscillator

AinSino;pt AouSin(m;,t+0)

Injected Clock 0 = function (A,

Auscsmmgt
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Applications

 Clock generation
— Fundamental injection: wout = Winj

 Frequency multiplication
— Subharmonic injection: Wout / N = Win;

* Frequency division
— Superharmonic injection: Wout *N = Win

« Clock recovery from NRZ data stream
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Basic Theory

 Developed by Adler in 1946

= !L'-f

1 Coupling network

Active device
(negative resistance)

H —> Resultant

External(injection)

Fig. 1. Oscillator circuit.
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Symbols

* Wwo = free-running frequency

« w1 = frequency of external signal (injection)
* AWo = Wo — w1 : “undisturbed” beat freq.
 w = “instantaneous” freq. of oscillator

¢« AW = w - w:: “instantaneous” beat freq.

« “undisturbed”: injection off
« “lnstantaneous”: injection on
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Three Assumptions

1) wo/2Q >> Awpo: Injection freq = free running freq

2) T << 1l/Awo: amplitude control mechanism is very fast
(T=R+Cr)

3) Ei1<<E:weakinjection
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Phasor Diagram

 Phasor: Phase Vector
— represents both amplitude and phase

 Phasor diagram is used when analyzing linear system
with the same frequency

« “rotating” phasor is used for expressing signals with
slightly different frequency
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Rotating Phasor

* Ei: Injected signal phasor with fixed frequency (w.).

« E: Internally generated signal phasor
— Rotating clockwise with an angular velocity (da/dt).
— Actual frequency = w: + (da/dt)

* Eq: Phasor of sum of internal and externally injected
signal

7T (davdt)
\

E1 (injection)
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Examples of Rotating Phasor

 When free-running frequency is equal to injected
frequency (w. = W.)

TN (dovdt) 20
\

N\
\

¢ \
i
E .. (do/dt) #0
Eg (resultant) \\‘ (da/dt) =0

E 1 .

o 'l \

Eg > > > i

E1 (injection) Ei E1 E Eg
t=0, initial phase t=1ti In steady state

difference exists

* @(t) = f(Awmo, 1nitial phase)
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Relation between Phasors

« Vector calculation

——ao E E; sina
. (do/dt) sing = —15111(—(1) = — :
¢ N Eg 2
\ E;“+ E?+ 2EE cosa
¥
E Eg (resultant) o
Under weak injection, Ei<< E, ¢ <<1
a
sineg = o
E1 (injection) E, sina E,

— :—ESH}G
JElz + E2 + 2E,E cos a
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Phase Shift at Off-resonant Frequency

« Assuming injection frequency being close to resonant
frequency

do
(P:d_((ﬂ_mo)
)
de
=£(m—m1—mg+m1)
_dcp A A A do
_d(ﬂ( ® W) m_dt
d sda
= —|——A —|@
dm(dt ("’“) ]
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LC Resonant Circuit Phase Response

e For an RLC tank,

1
Z = R||sL|| =
sC

SRL
s RLC +sLL.+ R
joRL

joL + R — »?RLC
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£7. = ——tan™?!
2 (R — m? RLC)
Tt ol ®3
= — — tan" L (———
2 R of — 0?
Tt 1 0)
= ——tan" (= > )
2 Q2(0, — o)
2Q
= tan~1(— (0, —®))
®q
2Q
s tan (AZ) = a (0, — ®)
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LC Resonant Circuit Phase Response

e For an RLC tank,

s tan (AZ) = i—Q (0, — ®)
0

* In the notation of the Phasor diagram,

L = — @

@ <1, tan(p) =@

2
@——Q(m—m)

0

dp 2Q
do

—
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Calculation of Phasors

« Calculation of a(t) from two equations

Ey
= ——sSina — @
*T7E
do (da A )
= —|— - — 2)
= o \at ~ °%0
E do sda d 2Q
- — —151n o = —(P (— — ﬁ\(ﬂo) — A = : LC resonant circuit
E do \dt do o
da E; of

- —=———sina+ Ao, — 3
dt E 2Q o

© 2020 DK Jeong Topics in IC Design

15



Lock Range Calculation

« Equation for a(t) (phase angle between E and E1)

da E, 0
— = ———sina+ Aoy — 3
dt E 2Q
* In steady state, TSl (da/dt)
doa Ei o \\
— =0, 0=——1—Usina+&m0—®’ y \
dt E 2Q . '
_ E Aw, Eg (resultant)
» Thus, sina =2Q——
1 ®g u
: E Ao iniecti
- Since [sinal <1, [2Q——| <1 1 (injection)
Eq o
N lized lock _ Awmg _ 1 E4
* ormalized I0CK range Is « |—| = ———
J | Mg | 2Q E
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Note on Lock Range

* For higher normalized lock range
— higher injection strength (E«/E)
— low Q resonant circuit (higher bandwidth of the tank)
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Solution of a(t) when Aw,=0

* General solution with Aw,=0

da Ei oy
— = ———sina+ Aoy, — 3
dt E 2Q

« Simplified equation
d _ E, o
== —Bsina, B = — 2
dt E 2Q

« Analytical solution

o Qg
t — | = _Btt S—
an (2) e "Htan( 5 )

« When a, is small, close to a first-order system.
a(t)~ay e Bt
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Solution of a(t) when Aw,=0

 |n Mathematica,

g0l =DSolve[{a'[t] = -Bx (5in[a[t]]), al0] = C}, a[t], £]

({are1 » 2arccor[e" cox[Z]]}]

tab = Table[a[t] /. s0l[[1]] /. {B = 106, C w+c}, {c, -3%Pi /4, 3«Pi /4, Pi/41]:;

Plot [Evaluate[tab], {t, 0, 0.00001}, PlotRange - [-Pi, Pi}]

-
I

~
E]

:m""-.._ h"'-\-._\___\_

| "“nh___ % . L , ] L 1

L~ .,mn:r" — 3. %107  6x107f  gxl10f 0.00001
B 7 /

:”f o

.
-k

?f

-3
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Solution of a(t) when Awy=0

* General solution with A,=0

da E, oy
— = ———sina+ Aoy — 3
dt E 2Q

« Simplified equation
da B(si K) B E; o K = 20 E Aom,
— = —B(sina — = —— =2Q———
dt E 2Q E, oq

« Analytical solution when K<1 (Injection locked)

ay 1 V1-K? B(t —ty)
—_ ] = — — K2
tan(z) e e tanh > \/1 K
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Solution of a(t) when Awy=0

A¥%)
AN X
i i W) o
« Still afirst-order system (K<1) o \“;\ pe
\
G
Inj4)= S0l = DSolve[{a'[t] = -B= (Sin[a[t]] -K), a[0] = C}, a[t], t] A
I - | __-lll_ a : a -III_ a : m-g- _- -
1-4/-1-% Tan|2 |-B4/-1-% t-2arcTan| LT K;::K il 1 ‘
Cut]4]= { :a [E] = 2 ArcTan [
- - E

Injg}= tab = Table[a[t] /. sol[[1]] /. {B -+ 106, K -+ 0.1, C 5}, {2, -3=«Pi/4, 3xPi 4, P1,/74}]:

Injg= Plot[Evalunate[tab], {t, 0, 0.00001}, PlotRange —» {-Pi, Pi}]

3F

-~
Fe

‘*u . a £0 What is its time constant?
R o e What is its final phase error?
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Solution of a(t) when Awy=0

« Analytical solution when K>1 (Injection pulling, not
locked)

2

In[12)= tab2 = Table[a[t] /. sol[[1]] /. {B —+ 106, K + 2.0, C »c}, {c, -3«Pi /4, -3«Pi/4, 0}];

ay 1 VK2—-1 B(t—t,)
t = — t KZ_]_
an( ) T e S

Inj12):= Plot[Evalunate[tab2], {t, 0, 0.00001}, PlotRange -+ {-Pi, Pi}]

3F

Out[13}= - - e
S ;/ 2.% 1076 4-.}{1|3f 6.x10~% | 8.xio—f 0.00001

Lf / /
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Noise Model

« Assume Series Resonance

— RiI = Internal resistance
— Ro =load resistance

* e(t): Injected signal

—
- = o~
- -~

~ -
‘-—————

© 2020 DK Jeong

di 1
L~—+(R1+RG—R)1+—f?,dt=e(t). (1)
dt C
/_/ - i(t) \\‘~\
I/, \\
\
|I L N
\\ §R° //
-R N So ~ o 1- - ’
Ri
o
s
e(t)
Fig. 1. Equivalent circuit of oscillators.
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Equations of Signals

* In case of free-running, e(t)=0 and i(t) is periodic with
harmonic terms.

0 =os (cot + A cos (2ol + és)

+ Ascos Bl + ¢3) + - - -

« Suppose small perturbation is given by small e(t)

i(t) = cos [t + :(2) ‘

+ As(t) cos [2wt + @2(t)] +

* A(t) and o(t) are slowly varying function compared with w.

© 2020 DK Jeong Topics in IC Design 4



Equations of Signals

N\

i(t) = A,1@))cos [wt + @]
+ A,(t) cos [2ut + ¢a(t)] + - - -

e Calculation of di/dt

di
dt

dAa,
dt
+ (slowly varying function) sin (2wt + ¢2)

deg\
— A, (,_,_, . E) sin (wf + ¢1) + cos (wt + ¢1)

+ (slowly varying function) cos (2wt + ¢2) + - - -
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Equations of Signals

i(t) = @ cos [wt -I-.

+ A1) cos [2wt + ¢2(0) ] +

« Calculation of | i(t) dt
_A_l Al d 1
fidt=( - ;)sin (wt + ¢1)

w w?

1 dA,
+ — E— cos (wf + o1)

wz

+ (slowly varying function) sin (2wt + ¢)

+ (slowly varying function) cos (2wt + ¢2) + - -

« Use integration by parts and note that A(t), dA(t)/dt, ¢(t)
and de(t)/dt are slowly varying functions.

fu(:t:)v‘r(:t:} dr = u(x)v(z) — fv(:t:) u'(x)dx
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Equations of Signals

» Substitute di/dt and | i(t) dt into Eq. (1).

L"CE-{— R+ R R)t 1fidt—
e (B, + Ro — )'3'1‘6 = e(t). (1)
~ \

\

di dey\ . dA,
— A, (w E) sin (wt + ¢1) -+ 0t cos (wt + ¢1)

‘d_t —
Al Al d¢l
f idt = ( - ” ) sin (wt + ¢y)

w w?

1 dA,
+57008(wt+¢1)
dd 1,4 A do .
[— LA, (w+ dt)+ O(w i )]sin (wt +@(t))+
dA, 1 dA,
L+ (R By= R) Ay + — = Heos (wt+8 (1)) = elt)

© 2020 DK Jeong
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Equations of Signals

« Multiply sin(ot+®) and cos(ot+¢) and integrate over one
period.

— Since A and @ are slowly varying function, they do not change
appreciably over one period

dP 1,4 A 4o

[— LA, (w+ E)—F O( PRt )]sin (wt+@(t))+
dA 1 dA
[Ld—;Jr(RiJrRO—R)AlJr — dtl]cos(wt+@(t)) = e(t)
|
(—mL - L) _ (L 1 i) d_d’ Equation for phase variation
w w?C/ dt

2 i
= f e(f) sin (wt -+ ¢)dt  (2)
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Equations of Signals

« Multiply sin(wt+®) and cos(wt+®) and integrate over one
period.

— Since A and @ are slowly varying function, they do not change
appreciably over one period

dP 1,4 A 4o

— LA, (w+ E)—F O( PRt ))sin (wt +@(t)) +
LN (R4 Ry )AL+ L “cos(ut +0(t) = et

1\ d4 — : : T
(L -+ C) Py + (R, + Ry — R)A | Equation for amplitude variation
wﬂ

g

i e(l) cos (wt + ¢)dt (3)

TO i—1g
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Equations of Signals: Injection Locked

« When the oscillator is injection locked with e(t) = aycosw,t,

oscillation frequency becomes injection frequency ..

(~e+ )
YT e

(2

_I_

——

o)
()

ATy

de
dt

2 fﬁ e(f) sin (wt -+ ¢)dt  (2)

* In steady state, ad

dt

=0 and right hand side is %sin(@).

* Let w, =w,+ Aw,, then Eq. (2) becomes

© 2020 DK Jeong

.&f.ﬂ'(] —

~— (o

0

Sl ¢y.

()
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Lock Range

 Since |sin®| < 1, lock range is Result of injection on phase:
: Phase difference between

N injected signal and oscillation

274 signal
0
* Note a, Is the voltage amplitude, A, is the current amplitude.

[ Awg| <

a, _®, &, _ @, Injection signal voltage
Z(ROQ) A 2Q R,A, 2Q oscillator internal voltage
Wy

(Awy|=

© 2020 DK Jeong Topics in IC Design 11



Equations of Signals

 Ris anonlinear resistor.
« Average resistance over one cycle is (V/l),,-

R =

AT,

f RA cos? (wt + ¢)dL.

. Injection Locked

e Ris afunction of A. R decreases as A increases with the
rate of -K.

e R=R,+R,—K(A—A,)

© 2020 DK Jeong

20
-

P
-
el —
P
-
-
s s —— — ——— ————

L

Ag A

Fig. 2. R versus A.
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Equations of Signals: Injection Locked

 When free-running,%zo and e(t) =0.

(L+ l)dA+(R + R, —R)A
w2C/) dt P

1

_ 2 e(l) cos (wl + ¢)dt  (3)

oY -1y

e Thus, R= R +R, with A,,.
 For asmall variation AA4, Rvaries linearly.

R:+ Ry — R = KAA. 4)
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Amplitude when Injection Locked

 When the oscillator is injection locked with e(¢) = a,cosw,t
oscillation frequency becomes injection frequency ..

(L+ 1>dA+(R +Re—R)A
w20/ dt v

£

i e(l) cos (wt + ¢)dt (3)

To ¢ 74

* In steady state, %zo and right hand side is a,cos(®,).

Result of injection on amplitude:

e Since R+ R, — p= KAA,, Phase dlfference betwgen_
¢ injected signal and oscillation

signal
- (8)
KA,

© 2020 DK Jeong Topics in IC Design 14
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Noise in Free-Running Oscillator

 Suppose e(t) is a Gaussian noise source

1 1\ dep
(ot + =)~ (L)
wC wiC'/ di

i

2
= arn O sin it e 2

L M+(R+R RA
( w:C/ di ’

_ 2 f E e(t) cos («t + @)dt  (3)

. Let ()= Tft e(0sin(ut-+@)arand )= %f:TOe(t)cos(wt—i—d))dt
* In case of free-running, o= ®,, and then (2) and (3) become

B dadA
— 2L = Aonl(t) EL?—I-KHDJ&A—_-HE@

© 2020 DK Jeong Topics in IC Design 15



Noise in Free-Running Oscillator

« Taking Laplace transform on phase noise,

dd 1 1
Then @ A mt) (s) 2sLA, !
[ n1(f) |2 2!5 e lz
2 — 1
| o) | w24 4?2442 (15)

(s)

« Taking Laplace transform on amplitude,

ddA
ELF—I—KA[;&A —_-ﬂ-ﬂ[:t-} — A(S)

e Then

a4 |? = -
" ) I 4wl 4 (K Ay)?

| na(f) |2

2|el?

T 4wl + (KAY?

o nyls)
- 2sL+ KA,
KT
\
(16) : f
_KA
©2L

© 2020 DK Jeong
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Noise in Free-Running Oscillator

« To combine phase noise and amplitude noise together,
calculate autocorrelation function of output current i(t).

R,(1)= A(t)A(t+7)cos(wyt +&(t))cos(wy(t+7)+B(t+7))
= (A2+ RAA(’T))*%COS(wOT)COS(Qp(t—F’T) — (1))

R = (a0 + K exo| )
= — - T
() = AT ok P T o

Kak
rexp [— 4L2A [,2 l 'r] COS wyoT.

© 2020 DK Jeong Topics in IC Design 17



Noise in Free-Running Oscillator

N 2
+ Using ¢ & —=2

2 2
o +w

on 1 |e|2 KA,
o (ae L [ 52 )

2LK A, 2L

el
exp [_ e Lol | cos aun

 Power Spectral Density becomes

. Lorentizian
2
RNY € 1 1
(7P =71 N P -
. e . . e . :
(w— wo)z +( TEPE 2 (w+ wo)z +( TEVE )2 Due to phase noise
0 0
N le|” | 1 N 1 |
8L° : 2y KA, 2 (w4 KA, g Due to amplitude noise
w — ’UJO w ’UJO
2L 2L
© 2020 DK Jeong Topics in IC Design 18



Noise in Free-Running Oscillator

 Power Spectral Density becomes

2
. 2 |€| 1 1
|?z(f)| T 8L2 [ ( )2+( |€|2 )2 + ( R )2+( |€|2 )2 FEM noise
w_wo p p 0 p p b
AL*A; AL Ay -
N lel” | 1 N 1 ]
8L° . KA, . KA, AM noise
(w—wy)?+( 57 )? (@U—t:@’q}z+( 57 )?
* When o is near o, first term-dominates.”
2L2Ab4 ///,,// ”’/’,"’
ff N
2
R f
e | | = KA
. =——F——— c
TN 2L
© 2020 DK Jeong Topics in IC Design 19




Noise Iin Injection-Locked Oscillator

e(t) has both noise and injection signal.
Phase noise is calculated as

\ | Free-running
| a6(f) |2 = [ I \g/ ecti
40?12 A2 + @o? c0S® b Injection locked

N\

4w2L2A02
When compared with free-running case,

() 2l
4a?L2A ¢ 4w?l2A 0

L o(f) |2 = (15)

a,cos (P, )

Phase fluctuation is considerably reduced when |ul < 37 A
0

ay

Noise down when o is within the lock range [Aw, | < ST
0

© 2020 DK Jeong Topics in IC Design 20



Noise Iin Injection-Locked Oscillator

« Equation for amplitude noise is calculated as

[ ma(f) |
1?12 + (K Ay)?

laA(f) ]2 =

@o? Sin? ¢ [ n(f) I2

dw?l® + (KA4o)? 4w2L2A4 ¢ + a0 cos® ¢g

2] e TotL2 A + a®
10?2 4 (KA RdwL2A 2 + ao? cos? do

« Compared with free-running case,

| na(f) |
r =
84D = e kA

_ 2]ef
el 4 (KA

« Amplitude noise is increased.

") (20)

(16)

© 2020 DK Jeong Topics in IC Design
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Noise Iin Injection-Locked Oscillator

« Combining phase noise and amplitude noise together,

R.(7) = (Ao + AA¢)2(1 — Ad?) cos w,r

4+ LRas(7) cos wor + $A02R4s(7) COS wyt

+ 1A, sin wr(AA(r)A(0) — AA(0)Ad(7)).

© 2020 DK Jeong Topics in IC Design 22



Noise Iin Injection-Locked Oscillator

« At the edge of the lock range(cos &,=0), this injection
locking fails and this equation doesn’t hold.

e

Iz

| 4() |2 = 3(4o + AAu)2(1 - ) {18(f — f) + 8¢/ + f)} Pure sinusoid
2LA¢ agcos ¢o
2 1 ]
+ | ¢ ‘9 [ + similar term with (@ + w;) | :
8L? ( 4 @0? €0S? o J FM noise
w — wg =
4124
r a0’
| fzJ 1 (& = @)* + 4L204 2 AM noise
e -
il | ‘ ’ + similar term with (@ + w.)
Flemerr(5) emer et
R oL e AL2A )
ao SIN ¢ ) :
n |e|2 W — W LAg milar t ith (& + ) AV nc()zlf)e
4 — — Similar term wi w We) -
81,2 ﬁ ( ot (KA;,)Q ( oy ag* cos? ¢ T
W — We — — Wg)”
k ¢ oL e 412447
© 2020 DK Jeong Topics in IC Design 23



Comparison

 FM noise

[e]®
()2 = (4 AAg)*{ 1 —
|10 2 = 1o + a4y ( 2L A, aocos ¢

) 16(f — foy +8(f+ >} Pure sinusoid

el 1 . . )
lar t th (o -+ w,) | .
™ 812 ao® cos? ¢ o similar term with ( ¢ FM noise
(w0 — we)? + ————
412A 4 —
, Injection locked
i (f)FF = 52[ ! A L - with r_loise_freeI
2 € 2 2 € 2 Injection signa
—wy) +(——=)"  (wtw) +(——)
2L%A,° 'T Free running
2 [T
7 CRrT ; I
a, a, sin ¢, e A : \ 5
where @, = —— y = ——— 2 >
2LA, 2LA, 2a,% c0s? ¢
e[’ a, COS ¢,
@, = g =—
Y 2LA,

© 2020 DK Jeong
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Noise in Noisy Injection Signal

 When injected by noisy injection signal, phase noise is

1 — :
? = I —— Injection locked with
W' LA+ a0” c0s* o noisy input

(23)

I (¢ — ¢ (f)

2a0° cos? ¢y

« Compare with free-running and noiseless injection cases,

[ 11(f) |ﬂ _ Eli E_lz

2 — - 15 Free runnin
| ‘ﬁ(ﬁl dw?L2A¢* dew?l?A4* (15) g
| a0(n) |? = () |2 injection locked with
422 A ¢* 4 ao® cos? @ . :
noise-free input
2] el

- (19)
40?2 A0 1+ a0® cos® ¢o

© 2020 DK Jeong Topics in IC Design 25



Noise in Noisy Injection Signal

 When injected by noisy injection signal, amplitude noise

IS

Ggg sin? ¢o

K A)? {4&11214 o? -+ ao® c0s? ¢

z;p|z)+2[e|z}. (24)

« Compare with free-running and noiseless injection cases,

poTy el

4Lt + (K A)?
2"

T4+ (KA

© 2020 DK Jeong

ﬂﬂ(f ) |2
1022 £ (KA

|aA(f) ]2 =

@o® sin? ¢o { n(f) I2

dw?l? + (KAo)? 4w2L2A 4% + a¢® cos? ¢

1w2L2A 02 + ao®
Adw?l2A o2 + a0’ cos? o

Topics in IC Design 26
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Noise in Noisy Injection Signal

« Hard to calculate R(t) and Power Spectral Density with
1

I (¢' - ¢U) (f) = 422 A o + @ cos? do
2a0% cos? ¢y R N
e
ao® sin? ¢
| AA(f) |2 = —— _ { o BP0
122 4+ (KAo)? w244 + ao? cos? ¢
(Lﬂo‘) 24 9] |2)+2[ |2} (24)
' | € " ~ € | € . :
LA, :

© 2020 DK Jeong Topics in IC Design 27



Noise in Noisy Injection Signal

« Shape of PSD with noisy injection signal
* @, Free-running Frequency
* 4 Frequency difference AN

Wg = Wo — Winj

* ® . Lock-in Frequency
Wo linj

2Q Ipsc

* og: Beat Frequency

a, Cos ¢,
Dp = 0 :)2
5 : d O2LAO 0

PSD Lo(Aw) = MAX| L (Aw), MIN[ o(Aw), Lo(wp)]] v N

_MAX[ |nj(A ) 2 +Aw 2L0(Aw)]

Lml(Aw)+Aw2L0(Aw)
wE+Aw?
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Effect of Flicker Noise

« ILO attenuates jitter with 1-st order filtering
* @, Free-running Frequency
* 4 Frequency difference

Wg = Wo — Winj

* ® . Lock-in Frequency
_ o linj

 2Q s

* og: Beat Frequency

wp = |0t — @} = —aOZCLOASfO

« PSD

wi,

w3 +Aw?

Lout(Aw) ?:
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Outline

* N-th Harmonic Generation

* Pulse injection

* Injection-locked LC Oscillator

* Injection-locked Ring Oscillator

© 2020 DK Jeong Topics in IC Design



Subharmonic IL LC oscillator

« Subharmonic Injection-locked LC oscillator

!

oscillator \ ,’
e

11
() lpuise l phase noise /
'

© 2020 DK Jeong

free-running A &

subharmonic
' injection-locked reference spur

X oscillator of subharmonic
x“/ phase noise injection-locked
‘
‘
A

£ oscillator
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Injection-Locked LC Oscillator

* Pulses are injected with N-th harmonic

VDD
T,
C C
I
I[NJ CDS(EHIN,] f-m I]NJ COS(&J[NJ f-3+?1')

1.2

- v
IvreE COS(WEREE ¥)

0.8
0_6_
- ‘ A

Amplitude (V)

4 : : .
25 275 3 325 35 3.75 4
Time (ns)
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N-th Harmonic Generation

* Pulse with short duty cycle has a lot of harmonics
— Equation?

S -
< 06 0.03<
=2 L

c
& S
z E
S 04 0.02
= N =
: h
2 %
S 0.2 0.015
£ =
a =
£ £
"'o 0 J 1 1 fi. g <
~ 005 01 015 02 025 03 035 04 045 0.

Duty Cycle
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Injection-Locked LC Oscillator

* N-th harmonic is injected by a pulse generator or by a

MOS transistor biased in class-C

K:Y\l—(i)scillator
out 7b Cap Bank Jvco
CHH | [> '

e

Pulse Vbhias ©
Generator ¢
Injection ckts.
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Injection-Locked LC Oscillator

* Injection to the source of the MOS transistors

© 2020 DK Jeong Topics in IC Design



Pulse Injection by Shorting

* Injection by shorting

3

IJF g

Full Swing Buffer
Viw Pulse Generator X 9
Ref_ﬂg_p_ lnjpulse | |'E' | [:
P I ose R

Cap |
Bank |

Iblas

iy
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Injection-Locked Ring Oscillator

* Pulse-injection-locked frequency multiplier (PILFM)
e 20-MHz input with Sharp pulse with 1.7% duty
« 200-MHz output (10x multiplication)

O OUT
IN

Signal
Generator ! dutyratio1.7% ¢

| o o Input
s 50mV/div

Amplitude

"I Output
20mV/div

Time (1ns/div)
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Subharmonic Pulse-Injection Locking

* Input Sensitivity as a function of output frequency
— 1.7% duty ratio maintained
— X10 multiplication with constant tuning range

[—
=
=
=

4.8GHz

ZGOHz 2 104
250MHz 2%
4.2%

LLS
24.4 25 25. 8 196 200 208 474 480 488
Input frequency (MHz)

\o
-
=

o
-
=

o)
=
=]

Minimum input voltage (mV)
LA ~]
= =
2 2

.
o
‘?
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Multiphase ILRO

 Wide lock range

l
out

(@ N,

V., Pulse
@ Generator
(a)
/unf
@ N,
._L_ff_” Pulse
(@ o, Generator
(b)
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Phase Noise

 Edges arerealigned in every N cycles.

Output
C\; Clock
>
Reference Clock s
Freerunning ‘—
VCO I @
a
Realigned I_I
VCO

Reference Clock _|

Ry(n,0) = no,

2

R,(m)

SE(N —|m|—1)
X(N — |ml)
0,

for —(N—1)<m<N-1

otherwise.

© 2020 DK Jeong
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Phase Noise

 Edges arerealigned in every N cycles.
Rrrme

T Ty T

o i o To(N = DEN = 1)/6
N T TR UL

EERTLE MR AL

o
<

=
T

Magnitude [dB]

3dB

1200

] —

PR

10° 4? 10°
Frequency [H z]

= /6/(N(N —1))/(2rT) =~ 0.4/(NT)

Topics in IC Design
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Spur and Frequency Tuning

« Impact of frequency tuning and reference spur generation

« When not tuned: |fou — fo| = ¢ fout

» Error in the period of injection cycle: A =~ (N —1)aTout =~ o Ter
« Reference spur: =~ 201log;,(A/Tout) ~ 20logo (N « )

'IOSC IOSC

7 4 Injected pulse
Lg C "Vtune VoscI o=

Ref ___ |
;I";c Injected pulse ) } v,
J 1 une
28 Vosc ﬁ‘/\/\/\/\ﬁ = too high
ool AR e
’* Vosc L NSNS
A ﬁ ﬁ = ideal
........... : | LI
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Tuning of IL Oscillator

* Pulse on Injection Switch
— Sample and hold detects phase error

Differential VCO Delay Cell

------ ASZ jro-ﬂ Yﬂ

ﬂj. Pulse

™ ;
]_[ SHN
) M2

; : c2
- ' = I
/ Before Injection: e —
Phase Eerr:[bf x _/_

' v

After Injection:
Phase Error = ¢

© 2020 DK Jeong Topics in IC Design
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Tuning of IL Oscillator

 Tuning of the free-running frequency
— Reference spur is reduced

Pulse Gen.
Y

8-Phase CLK
ILVCO wi. S/H
[ Vi
//2

SHF/SHN

—— e ‘ I I differential

" 27MHz
XTAL
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Outline

* Direct Injection Locked Frequency Divider
 Regenerative IL FD
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Direct Injection-Locked FD

[TMTT2008 T. Luo et al.]

* Divide-by-two Direct ILFD

Vop

L 1 Vins LZ Vin \/

Voltage
\

Iﬂ Ijnj - ﬁfﬂ | £ \\
V| << ; - P ax/ Vo
N M9 Vp T
IR VN X } 4
X -
M j |: M2 Time
J_ Ip = Io + Iinj
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Direct Injection-Locked FD

* Divide-by-two Direct ILFD

A

2 [1 B \/E(Vgs T W)sw]

L =nl, - =
111) Nio T T Vins

V; :
in 21/0 sin
\/y* \/ N = i
/ W™
\/ stcox (L) (I/gs — T/.1§)s_=,w

N T
=— —
Time i 2

Voltage

rps - Io

Input frequency
2fr Lin;

fL — f . )
Q@ rz-12

1)

Output frequency

111_]
L_a Q >
\/I 11'1_]
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Frequency Divider based on LC Osc

« L3 and L4 reduces the effect of parasitic capacitances
« Divide-by-5 operation

*NT: Near-Threshold Distributed inductor

OUTy OUT,
e o

[MWC2014 M. Jalalifar et al.]

Mixing the incoming signal generated
by the VCO with the self-oscillation
frequency of the ILFD LC-tank

© 2020 DK Jeong Topics in IC Design 5



Frequency Divider based on LC Osc

* M5 mixes f, and 5f, to generate 4f, and 6f,, which is mixed
with 5f, by M6 to generate f, and 9f, and 11f,.

*NT: Near-Threshold Distributed inductor

OUTy OUT,
e o

[MWC2014 M. Jalalifar et al.]

M7 R
—MS 'u'1 Vz+ Vz V1

Mixing the incoming signal generated
by the VCO with the self-oscillation
frequency of the ILFD LC-tank

© 2020 DK Jeong Topics in IC Design 6



Frequency Divider based on LC Osc

. Resonance frequency
JoULFD)

1 [Ci(L3+ La+ Lz) + Oz2(La + Lz) + C3Ls — VA
2m 2(C1L3L5(C3 + C3) + C1C3 L3 Ly)

(4)
A=(Cy (L3 + Ly+ Ls) + Cy (Ly + Ls) + C3Ls)°
— 4(C1LsLs(Cs + Co) + C1C> L Ly) . (5)

 IfC=C,=C,=CandL;>L, L,

8§ (L
1 1_\/1_5(15_?)

ILFD) =
fU( ) 27 \ %CLg

* L, must be minimized to increase f,
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RO-based FD

[MWC2009 M. Farazian et al.]

« 4-stage RO based ILFD
N-stage LPF

% Vo = Agysin(@,t)

Vi = Ay SiN{@,, 1+ @,,;)

inef

Nonlinearity TV | (@9530,5@,,...)

of Mixer —» | (.
Lo Port T
v utf v:.uta
f(+) £1 square wave
+ + *+ 5 + f(VO Z al e_? k-l'.dﬂ
- _ ~ N
z e

d
ivmj
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RO-based FD

« 4-stage RO based ILFD

Ip = Z(i) 29m Aing COS |Winit + dinj F (2k — 1w, t]
k=1

* N-stage Lowpass filter removes high-frequency
components and only the following term survives.

|winj — (2k — Lw,| = w,

« Therefore,

© 2020 DK Jeong Topics in IC Design



Regenerative Injection-Locked FD

 60GHz divide-by-three operation
Jin

Mixer
2 fin

BPF

[TMTT2008 T. Luo et al.]

2 fin

=

© 2020 DK Jeong
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Injection Locked Ring Oscillators

[JSSC2007 J. Chien et al.]

* N-stage resistive-load RO at free running

12,[ 4

’uscej{N-ﬂ[mmm {H‘I 1)(m+n/N) .
e PN
i - 8 8 =iy S b-f
AZL‘ ﬁ]
—C =R, :_I —c |— ) .
= = -n/2 -~

N stage M th st stage w7
Iasc ’0 e"ﬂ"‘?ﬁ'“} [} ej(zm"N)
.-
prmmedenas ) S— ", Joscel™)
; — = I ? losc
- —a — ' Z,L — — H
15t stage 2nd stage
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[JSSC2007 J. Chien et al.]

Injection Locked Ring Oscillators

« Single-ended injection

| e J(®H(N-1){m+n/N+8)) ’usc e H(PHM-1)(m+r/N+8))

-

Z j |J- Z j I—
= Nth stage = = Mthstage
i nt/N+6
losc hoad ’nscEH i )
> > —
EZL

2nd stage

\\\\\
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Injection Locked Ring Oscillators

[JSSC2007 J. Chien et al.]

« Single-ended injection

12,14 (@+2(n/N+
f - Ios cel{... -‘f----}-}.._‘fos celtmﬂrfNH)
-1 . { .
\i : tan (fo) =N + 6 _ | Linj| sin cv
fén;nﬂf'f [ fing | €08 @ + [ Losc|
V44 s
tan <= Af
0 > N .
) “..t-ﬁ ]. + taﬂz % fo ‘\“ ','. ¢ — |Iinj|
R — X M osel? — i |?
fo .’;"’Af ."‘-.._“-"“_._.,-"'

. 1
Since #= _§¢

Af _ 1 1+ tan?(7/N)
fo =~ N tan(s/N)

Lin;
ID‘SC

Lin;
IDSC

(&)
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3-Stage Ring Oscillator as 2:1 Divider

ILJSSC2007 J. Chien et al ]

« Superharmonic IL RO as 2:1 frequency divide
— Mixer acts as a phase shifter and a frequency translator

Mixer
i I = || cos (wt + a + p(a)
'J D—I i - &
s #(a) = — tan™! ( 2 sin(20) )
losc+linjcos(2wt),¢° 3+n COS(E(}.*)
K RF
Non-linearity , -~ - =1.-/]
U /
cos(wt+a) '— RF o‘/ AH(w) A H(w) A Hw) /7 o5¢
- - - -
- LO \, \, \,
S—
¢ — B
3(-47/3-0)

_ 1 1 1 2 Af 4 _ 2
9— — M| ¥ = Pmax = —tan 1 n 1
200) < L= Lia (x/(3/ﬂ)21) R ( (3/ﬂ)2_1)
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Multiple-Input Injection

* Multiple-input injection
— Injection in three points with phase shift of @,

Non-linearity

cos(wt+ay)
—

losc+lipjcos(2wt)

cos(wt+ay)

[JSSC2007 J. Chien et al.]

I"It::lst:"'llirlj':‘:"'5(2'-'-‘t""~rl’irlj)

> o
L\,

-

&, -47/3-6

4 H(w)

Non-linearity
-

N\,

losc*l injCOS (2wt+ Z‘Pinj)

l

Non-linearity

~47/3-8

A H(w) cos{wt+ay)
N\ [ -
3" stage
"“-—-———"—’ ."-——"/
-4ni3-0 Dy

 Lock range is enhanced by 3 times with ¢,,;= —27/3

© 2020 DK Jeong
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ILFD

[APMC2011 T. Shima et al.]

« RO locks to the 39 harmonic of the input
— Free-running frequency is set by VILFD

— Each three-stage RO runs at 10GHz. Its 2"9 harmonic is mixed
with the 30GHz input and creates 10GHz output.

VILFD

“LEEL

Input
{30GHz)

™y

e b
D[}utput
Bt U P s o O

|_{ (10GHz)
| L
Rt1 RtE% Hﬂ%
GND
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Outline

 Superharmonic pulsed injection lock model
* Transfer function derivation

 Phase Domain Response (PDR)

* Tuning

« 2-path injection issue

© 2020 DK Jeong Topics in IC Design 2



Injection Lock Model

. . . Wﬂl

« Signal Injection S. = W LW

Wm

Inj—>— G =1 S; .
4 Diin
WC
. . (/bﬁlt . Sc
Transfer function is b 7= (1= 50)

» The pole of this lowpass functionis ro=—— (rads)
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Injection Lock Model

* Lock range calculation " *-*
— Period of injected signal =T !ni—|>°—= T—__/:\—

— Free-running frequency = T’ - (o]
— Phase shiftis AT=T-T D D D ¥

* For phase lag of T, injection events per clock edge

creates phase shift of

AT
a8 — dSc

 Period difference must not be more than T/4 or T/4
* Therefore, T,=T/4 and the lock range is
AT _ S,

T 2

© 2020 DK Jeong Topics in IC Design



Timing diagram of IL-VCO

[JSSC’02 S. Ye et al ]

Conventional
ring oscillator Output

Output

Ring oscillator
with realignment ‘D‘)—D‘“— Qutput

- en rign

Reference o > rclean” edge

LI

Qutput £ g i

Assum|ng "Cfeaﬂ" edge ‘EL.' | '.:‘li' 1| i-'::_l—

N-fref = fvco (Af = 0), \ W \

en_rign J 1
— 7, —— 1, —

“Tuned”
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Phase Realignment

[JSSC’02 S. Ye et al ]

VCO phase shift by realignment

- VCO phase shift by realignment

200¢ i
~ dor
q
Iﬂﬂ B 20F
2 2
S s
b 3 0
= 9
‘E.. =20t
-1007
-40
-60 -40 =20 [ 20 40 60
‘‘‘‘‘ phase error (ps)
-200 ' ' : o
-400 -200 0 200 400

phase error (ps)

« Assumptions

— Linear phase shift (8)
— Amplitude fluctuation is negligible
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Theoretical analysis (1)

[JSSC’02 S. Ye et al ]

() . |
Buffered reference Re/aﬁgned Vo VCO w/o realignment
| >
\ ;L7 7 N / | (n-DT.  nT. (n+ DT, t
AR A .
L-—-JI Phase shift: -f(6,[n] @(I}I @A[n - Jf] @y [H} P [H + ]]
L‘_"‘__'__'_" He n ='9i'm'f Ve Ft?:__ _'Ngre { Tr]
1] = Oinst_veo(nT,7) s (n .
| -n1, AT, DT, - r
[Time-domain waveform] [Extra phase shift]

e Oinst_vco(t) = Bveo(t) + @(t) — (1)
— Binst_vco(t): INnstantaneous VCO phase noise
— Bveo(t): Intrinsic VCO phase noise
— @(1): extra phase shift due to injection (or realignment)

© 2020 DK Jeong Topics in IC Design 7



Theoretical analysis (2)

[JSSC’02 S. Ye et al ]

° ee[ﬂ] = einst_vco(nTr_) - N'eref(nTr)
— nTr : the time instant just before the nth reference edge
— Oref(t): the reference phase noise at 1/N frequency

* —f-6e[n]

— VCO phase shift after nth phase realignment

o @(t) =—B 272 0e[n] - u(t-nTy)
— VCO can be modeled as a phase error integrator
o @(t) =22 @a[n] - hhod(t—=nTr)
— @a[n] — @a[n-1] =—PB-0¢[n] (see the figure of previous slide)
— hhold(t) = u(t) — u(t -Tr) (zero-order hold with pulse width of Tr)

© 2020 DK Jeong Topics in IC Design 8



Theoretical analysis (3)

. ) _ . ,—jwT,/2 . sin(wTr/2) ] _ [JSSC’02 S. Ye et al ]
(p(JW) — Tr e IV / WTr/2) (pA(Z) |Z=e]wTr (2)
— Fourier transform of “@(t) = >*% @a[n] - hnotd(t—=nTr)”
— @A(2): z transform of @[N]

* @a[n] — @a[n-1] ==L - (Bvco[N] + @a[n-1] — N-Bref[N])
— ¢A[n]— ‘pA["-l]E—B'ee[n] ]—combining

ztransform | _ - @e[n] = Binst_veo(NTr") = N-Bref(nTr)

° — _ﬁ . Nﬁ i
(pA(Z) - T+ Bz 1 evco(Z) + 1+ (B—1)z1 eref(Z) — (3)

¢ Oinst_vco(JW) = Ovco(JW) * Hri(jw) + Bref(jw) * Hup(JwW) - (1),(2),(3)
— Hu(w) =1 — 1+(B_1B)e—ijr e W Si?vif/rz/)z) (phase realignment, high pass)

: . N-f —jwT, sin(wT,./2) . .
— Hup(jw) = T+ (B—1)eTwTr e WT/2) (reference noise upconversion, low
pass)

© 2020 DK Jeong Topics in IC Design 9



Theoretical analysis (4)

0,.(s)
¥
9&_’!’(‘5’) =-O if: > chp ™ Hﬂr’ (5) ™ K»ro i =m\U > Gour(s] 9 ( )
&
ern'u {5 ) "~
9‘-@(3) | N 9,{.",-(5}
9@ (s)

Conventional PLL

19y
0
-i0
.20} —>
5 Further suppression
30! of VCO noise
-40
. v beta=0
30 == beta=10.5
— heta =1
L . ! T
' ' "

Jfrequency (Hz)

VCO phase noise
transfer function
of RPLL

© 2020 DK Jeong Topics in IC Design

[JSSC’02 S. Ye et al ]

> 0,(5)

— peta = 1

+ beta=10
== heta =1(.5

10 I }0‘ . 1;9“
frequency (Hz)
Reference phase noise
transfer function
of RPLL
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What is Phase Domain Response?

 Re-adjustment of edges by a single pulse

......................................................................

N-cycles

CLKOSC /\ AN / -
\\/ “. “./ ’

PW
e S E

N ﬂ

......................................................................

© 2020 DK Jeong Topics in IC Design
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PDR Calculation (1)

[JSSC’13 Y. C. Huang et al .]

'S

(@) Time domain (b) Phasor diagram (c) PDR curves

d

AV = V-a-sin(®in), (a=1 — e RswC)

@out = Qin — Arctan [tan ((Din) - AV/VCOS((Din)]
Injection pulse width: impulse (d~0)
Symmetric PDR

© 2020 DK Jeong Topics in IC Design 12



PDR Calculation (2)

Eefore injection

g,‘il _/'Ir After injection
Ve 77N\

V. = Asinfw,t+d )

,

R,=1/G, |

=L clnl
£1 % 7 wo .

A

X
i
'd My
Im{y) I W) Do max
1 By 2 REE.I"_I
o
) 1
By,
Re(V)

Late pulse

Early pulse

* Integration of phase shifts
* Injection pulse width: large signal (D>0)
« Asymmetric PDR

© 2020 DK Jeong
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Tuning

* Tuning
— Free-running frequency = injection frequency
— Free-running frequency can drift
— Continuous background calibration necessary

 Frequency Locked Loop (FLL) is necessary
— Phase is determined by injected signal

« What if a PLL is used?

— Phase is locked by two paths
— Average free-running frequency with spur =injection frequency
— But real free-running frequency # injection frequency

© 2020 DK Jeong Topics in IC Design
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2-path phase adjustment

........

e Trc
N Pulse | INJ
Gen. \
CLKREF DJ > ERR F.CW.
BBPFD —> D/L\F /’—DCLKOUT
CLKDLFT ILO
A Divider fe———
Yo Toyeee
REF | )
INJ Teee]
OSC
DIV _|
FREQ --ogore-s2s
AmNJ ‘ ‘ ‘
A D=rr ® ® ® 0
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Tuning 1 — GRO TDC

VCO out
—»

Injected pulse | |

VCO out M oM ML rLar

Enable _| L L
.T+ﬁ. i T [ :T+ﬁl 1 T I
T+
GRO A TT TT A TT

Corr

“f*zz’“‘?t’e

[Overall architecture]

Corr
i

GRO
. —I—b GRO TDC Correlator
Logic ’__:[

Enable

[JSSC’09 B. M. Helal et al ]

Measurement
Interval
— 4—
Gated Ring Enab|e_|
Oscillator X

Sy

L

oo

Reset —%
——q

« It can detects Af using GRO TDC
 Only 1 point injection: no BBPD from reference

© 2020 DK Jeong
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[GRO TDC]
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Tuning 2 — signal gating

[JSSC’13 A. Elkholy et al ]

ouT

—— AQgateq o Ferr

Gating injection pulse

When gating pulse, BBPD can detect Af

2 point modulation: but calibrates two different paths
But this method waste useful information every 1/N
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Tuning 3 —replica (1)

[JSSC’16 Choi et al ]

ENying, SO Y-
iy, Voo Freq.-Tracking Loop 2
Jeer | [ L I LT
A Vorr(+) INJ ‘
PD 4 Vorrt
28 ry ENyine
Vo) CL:f VriNg
S AP
ENpine NJ_L [=U7INJ,
M. PG —08 hENPD

It can detects Af using a replica delay cell

« Mismatch is reduced comparing replica oscillator
 DE-PD: comparing phase of VCO & REPLICA
 Only 1 point injection: no BBPD from reference
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Tuning 4 — 2-path delay matching (1)

Few LAZ] Accum.] DLF [ISSSC’17 Kim et al.]

. . -
Unm atched Routing Path
1, TS S T
VIMaCHed Rephica
L L 1

ILO i SO

w/ Replica Cell L~ — =

——$——$-

REF I 1

INJ n | I
0SC nj s

~—
—_—

* 1 replica delay cell as in JSSC 16 Choi
« But this architecture calibrates mismatches using PCL
 Only 1 pointinjection: no BBPD from reference
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Tuning 4 — 2-path delay matching (2)

[ISSSC’17 Kim et al ]

 Architecture

Pulse Generator

INIT DONE g
r’D°I_ INJ
M
m o
o u | Digital Loop Filter
D [P0 FCW
T Accum.| AX Q
> & ->°1 D
]

Accum.| A
A AN
: || PCW
] x| * 7
; ol | b oSC
; Frequency Error je——-

Path Mismatch | REP

Detector <
FCL
_____________________ Divider -t
ADPLL
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Tuning 4 — 2-path delay matching (3)

[ISSSC’17 Kim et al ]

« If 2 modulation paths are not matched, it is shown as

— Large spur (PLL)
— Increased Phase jitter

INJ

o

Ring OSC.

ERR

INJ

¢

»[%Z_ES%}

-

*
REP

1
0OSC H1
i

¢ERR Identical

T

© 2020 DK Jeong Topics in IC Design

21



Tuning 4 — 2-path delay matching (4)
[ISSSC’17 Kim et al.]

* t,, represents total path mismatch error
* DLF controls t., to match t,,

ILO oW DLF

w/ Replica Cell - /

PCW
~{as [ Acoum_

o

tcal o

o000 ’é -
OSC

D:Q_
o
LLl
Dcrr Decision
INJ | Circuit
+
REP " FEPMD
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Tuning 4 — 2-path delay matching (5)

* Measured results

=

=
|
1

O
©
l
|

o
\l
l
|

o
ol
l

Integrated RMS Jitter [pSims]
—
w
|
1

©
=

[ISSSC’17 Kim et al ]

-8-Chipl w/o FCL&PCL
=o~Chipl w/ FCL
=8-Chipl w/ TDDC
=+=Chip2 w/ FCL
=4=Chip2 w/ TDDC
==Chip3 w/ FCL
=4=Chip3 w/ TDDC

w/o Calibration

w/ Only fERR
| Calibration
fw/ ferr/PERR

Calibration

© 2020 DK Jeong

1.09

1 1
1.10 1.11
Supply Voltage [V]

Topics in IC Design 23



Tuning 4 — 2-path delay matching (6)

[ISSSC’17 Kim et al ]
* Measured results

a Mkrz 156.8 MHz

Fef 168 dBm Htten 20 dB 6538 dB

Morm =

L og I SN R B W I F

1@ _ _

B/ w/o Calibration
Center - 43 dBc
2.500000000 GH= 4

E—156.25 MHz w/ TPDC
=F - 65 dBc

| aFw
il |

Center 2500 B GHz Span 488 MHz

#Hes BH 30 kHz #''/EH 38 kH=z Sweep 535.9 ms (BAL pts)
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Tuning 4 — 2-path delay matching (7)

[ISSSC’17 Kim et al ]

* Measured results

© 2020 DK Jeong

«o-Chip1 wio FCLAPCL
~+=Chip1 w/ FCL
=&~Chipt w/ TDDC
~=Chip2 w/ FCL
=+=Chip2 w/ TDDC

== Chip3 w/ FCL

== Chip3 w/ TODC

w/o Calibration

Ref. Spur [dBc]
'S
o

1.09 1.10 1.1
Supply Voltage [V]
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